Drenjancevic-Peric, Ines, and Julian H. Lombard. Introgression of chromosome 13 in Dahl salt-sensitive genetic background restores cerebral vascular relaxation. Am J Physiol Heart Circ Physiol 287: H957-H962, 2004. First published March 18, 2004 10.1152/ajpheart.01087.2003.-To evaluate the potential role of impaired reninangiotensin system (RAS) function in contributing to reduced vascular relaxation in Dahl salt-sensitive (S) rats, responses to ACh (10 Ϫ6 mol/l) and hypoxia (PO2 reduction to 40 -45 mmHg) were determined in isolated middle cerebral arteries of Dahl S rats, Brown Norway (BN) rats, and consomic rats having chromosome 13 (containing the renin gene) or chromosome 16 of the BN rat substituted into the Dahl S genetic background (SS-13 BN and SS-16 BN , respectively). Arteries of BN rats on a low-salt (LS) diet (0.4% NaCl) dilated in response to ACh and hypoxia, whereas dilation in response to these stimuli was absent in Dahl S rats on LS diet. Vasodilation to ACh and hypoxia was restored in SS-13 BN rats on an LS diet but not in SS-16 BN rats. High-salt diet (4% NaCl), to suppress ANG II, eliminated vasodilation to hypoxia and ACh in BN and in SS-13 BN rats. Treatment of SS-13 BN rats with the AT1 receptor antagonist losartan also eliminated the restored vasodilation in response to ACh and hypoxia. These studies suggest that restoration of normal RAS regulation in SS-13 BN consomic rats restores vascular relaxation mechanisms that are impaired in Dahl S rats.
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hypertension; vascular smooth muscle; renin-angiotensin system; physiological genomics THE RAT IS A WELL-ESTABLISHED experimental model for studies of physiological control mechanisms and pathophysiological conditions, including hypertension. Vascular control mechanisms have been studied extensively in resistance arteries and microvessels of several commonly used inbred and outbred strains of normotensive rats, and in many rat models of hypertension. However, it is now known that different strains of rats exhibit substantial differences in physiological control mechanisms, and these differences can provide valuable information about the genetic basis for various pathophysiological conditions. For example, resistance to global myocardial ischemia is twofold greater in hearts of Brown Norway (BN) rats compared with those of Dahl salt-sensitive (Dahl S) rats (3) . In that study, infarct size and postischemic leakage of lactate dehydrogenase were significantly less, and recovery of coronary flow rate and rate-pressure product were significantly faster in BN vs. Dahl S rats. Other studies have shown that BN rats exhibit normal regulation of the renin-angiotensin system (RAS) when dietary salt intake is changed, whereas Dahl S rats have an impaired ability to regulate their RAS (1, 6) .
Although genetic linkage analysis of blood pressure differences among various strains of rats provides valuable clues regarding the possible role of different genes in contributing to the development and maintenance of hypertension (7, 22, 25, 35) , simplified models such as congenic and consomic designer rat strains also provide a powerful strategy to identify and study the function of gene(s) located by analysis of quantitative trait loci (7) . These experimental models provide a greatly simplified genetic background that allows investigators to map important functional traits and to obtain valuable clues to identify genomic regions that are important in hypertension and other complex traits, even under conditions where genetic linkage studies fail to demonstrate quantitative trait loci for specific chromosomes (25) .
Previous studies of normotensive Sprague-Dawley rats have demonstrated that responses of skeletal muscle resistance arteries to vasodilator stimuli are dramatically impaired by the ANG II suppression that occurs during exposure to a high-salt diet (38, 39) . In those studies (38, 39) , impaired vascular relaxation in response to ACh and hypoxia in rats on a high-salt diet was completely restored by chronic infusion of a low (subpressor) dose of ANG II, supporting the hypothesis that normal regulation of circulating ANG II levels is important in the maintenance of vascular reactivity to various dilator stimuli. Moreover, the protective effect of ANG II infusion to restore vasodilator responses to ACh and hypoxia in skeletal muscle resistance arteries could be prevented with coinfusion of the ANG II AT 1 receptor blocker losartan (39) .
The Dahl S rat is a genetic model of hypertension that exhibits an impaired ability to regulate the RAS (1, 6, 23) so that these animals are exposed to chronic low levels of circulating ANG II, regardless of salt intake. In contrast to Dahl S rats, the BN rat is an inbred normotensive rat strain that shows a normal ability to regulate its RAS in response to changes in dietary salt intake. Given the apparent importance of ANG II in maintaining vascular relaxation mechanisms (19, 38, 39) , the underlying hypothesis of the present study was that resistance arteries of Dahl S and BN rats would exhibit fundamental differences in their response to vasodilator stimuli that may be of value in elucidating the genetic basis of altered vascular control in Dahl S rats. Because substitution of chromosome 13 of the BN rat into the genetic background of the Dahl S rat restores the normal regulation of the RAS in the consomic rats (6), we also hypothesized that normal vascular relaxation in response to dilator stimuli that might be lost in the Dahl S rat on a low-salt diet would be restored in SS-13 BN BN ; N ϭ 17) consomic rats (10 -11 wk old at the time of the experiment) were maintained on a low-salt (0.4% NaCl) diet (Dyets, Bethlehem, PA) with tap water to drink ad libitum. Individual groups of BN (N ϭ 6) and SS-13 BN rats (N ϭ 5) were also subjected to a high-salt diet (4% NaCl) for 3 days to suppress ANG II (8, 9, 20) . A separate group of consomic SS-13 BN rats (N ϭ 6) was maintained on the ANG II AT1 receptor antagonist losartan (40 mg/day in the drinking water) for 7 days. The specific rat strains used in this study are described in http://pga.mcw.edu/pga-bin/strain_desc.cgi. Animals were housed in an American Association for the Accreditation of Laboratory Animal Care-accredited animal resource facility, and the Medical College of Wisconsin Animal Care Committee approved all procedures used in this study.
On the day of the experiment, the rat was anesthetized with an injection of pentobarbital sodium (30 -50 mg/kg ip; Abbot Laboratories, North Chicago, IL). The lower dose of anesthesia was employed in Dahl S rats and consomic rats to compensate for the enhanced sensitivity of Dahl S rats to anesthesia. A femoral artery was cannulated, and arterial blood pressure was measured in the anesthetized animal before isolating the artery for study. After the measurement of blood pressure, middle cerebral arteries (100 -200 m resting inner diameter) were isolated and cannulated using procedures described previously (11, 12) . Intravascular pressure was maintained at 80 mmHg, and the vessels were perfused and superfused with physiological salt solution (PSS) equilibrated with a 21% O 2-5% CO2-74% N 2 gas mixture. The PSS used in these experiments had the following constituents (mM): 119 NaCl, 4.7 KCl, 1.17 MgSO 4, 1.6 CaCl2, 1.18 NaH 2PO4, 24 NaHCO3, 0.026 EDTA, and 5.5 dextrose. Any vessel that did not show active tone at rest, as indicated by a large dilation in response to Ca 2ϩ -free PSS (see below), was not used in the study. Effects of reduced PO 2 and ACh on resting diameter. After the control equilibration period, vessel diameters were measured before and during a simultaneous reduction of the perfusate and superfusate oxygen concentration produced by equilibrating the PSS with a 0% O 2-5% CO2-95% N2 gas mixture. This procedure results in a reduction of both perfusate and superfusate PO 2 from the control value of ϳ140 mmHg during 21% O 2 perfusion/superfusion to ϳ40 -45 mmHg during equilibration of the perfusion and superfusion reservoirs with the 0% O 2 gas mixture (11) . Response of arteries to the endothelium-dependent dilator ACh (1 M) was also assessed in each group of rats. Active tone and maximum diameter of the arteries were determined by measuring the diameter increase that occurred during maximal dilation with a Ca 2ϩ -free relaxing solution containing the following constituents (mM): 92.0 NaCl, 4. Statistical analysis. In all experiments, data were summarized as means Ϯ SE. Differences between group means were assessed by ANOVA with a subsequent Newman-Keuls test. Within-group differences in the response to a single reduction of perfusate/superfusate oxygen concentration or to a single agonist were assessed using a paired Student's t-test. A probability of P Ͻ 0.05 was considered to be statistically significant. Table 1 summarizes the basic characteristics of the various experimental groups used in the present study. BN rats on a low-salt diet had significantly lower mean arterial pressure than SS-13 BN rats on a low-salt diet. Mean arterial pressures in Dahl S rats and SS-13 BN rats on a low-salt diet were not significantly different from each other. Although arterial pressure was not obtained in BN rats used in the present study, phenotypic characterization of this strain in the Medical College of Wisconsin Program for Genomic Applications has demonstrated that these animals are normotensive on a low-salt diet (http:// pga.mcw.edu).
RESULTS
In these experiments, vessels of SS-16 BN rats exhibited significantly higher resting tone than middle cerebral arteries of BN rats on a low-salt diet. Resting diameters of vessels in BN rats on a low-salt diet were larger than those of all other experimental groups, and maximal diameters of arteries from BN rats on low-salt and high-salt diets were larger than those of vessels from the other strains, regardless of diet.
The responses to ACh and hypoxia in middle cerebral arteries (MCA) from BN, SS-13 BN consomic rats, and Dahl S rats on the low-salt diet are summarized in Fig. 1 . MCA of BN rats dilated in response to both of these vasodilator stimuli, as previously described in Sprague-Dawley rats (12, 28) . In contrast, MCA of Dahl S rats on the low-salt diet failed to relax in response to either ACh or hypoxia. Restoration of chromosome 13 in the SS-13 BN consomic rats restored vascular relaxation in response to hypoxia and ACh. In contrast to the lack of dilation in response to hypoxia and ACh in the Dahl S rats, middle cerebral arteries from all the strains exhibited a large dilation in response to the nitric oxide (NO) donor DEA-NONOate (1 M). The increases in vessel diameter in response to DEANONOate were similar in Dahl S rats (63 Ϯ 5 m), SS-13 BN rats (62 Ϯ 1 m), and BN rats on a low-salt diet (59 Ϯ 2 m). In contrast to the SS-13 BN rats, introgression of BN chromosome 16 in the Dahl S genetic background (SS-16 BN consomic rats) failed to restore relaxation of the MCA in response to hypoxia and ACh (Fig. 2) . Figure 3 summarizes the effect of 3 days of elevated dietary salt intake on vasodilator responses in middle cerebral arteries of BN rats (A) and SS-13 BN rats (B). Similar to recently (Fig. 4) .
DISCUSSION
In the present study, MCA of male BN rats exhibited dilations in response to reduced PO 2 and ACh that were similar to those previously demonstrated in Sprague-Dawley rats (11, 12, 28) . In contrast to the vasodilator responses in BN controls, MCA of Dahl S rats on a low-salt diet failed to relax in response to either of these vasodilator stimuli. To our knowledge, the present study is the first to demonstrate that relaxation to hypoxia and ACh is dramatically impaired in resistance arteries of Dahl S rats, even when they are on a low-salt diet.
Dahl S rats are a widely used genetic model of salt-sensitive hypertension that maintain a normal blood pressure on a low-salt diet but exhibit a large increase in arterial pressure when they are exposed to a high-salt diet. An impaired relaxation of blood vessels in response to ACh has been reported in Dahl S rats that are hypertensive because of elevated salt intake (9, 30) . However, the finding that middle cerebral arteries of the Dahl S rats exhibit an impaired relaxation in response to ACh and hypoxia, even when the animals were on a low-salt diet, is unique and is of particular interest. This observation suggests that intrinsic alterations in the function of resistance arteries exist in the Dahl S rat, even in the absence of elevated dietary salt intake and salt-induced hypertension. These alterations in resistance vessel function could predispose the animals to the development of an elevated vascular resistance and impaired blood flow regulation, even before exposure to a high-salt diet and the subsequent elevation of blood pressure. Previous studies (18, 19, 38, 39) have demonstrated that ANG II levels play a key role in modulating several aspects of microvessel structure and function. For example, microvessel density (18, 19) and the relaxation of isolated resistance arteries and in situ microvessels in response to several different vasodilator stimuli (13, 14, 26, 27, 38, 39) are significantly reduced in animals on a high-salt diet; and inhibition of angiotensin-converting enzyme with captopril also leads to impaired vasodilator responses in rat skeletal muscle arterioles (15) . Given the demonstrated importance of ANG II in maintaining normal vascular relaxation mechanisms (15, 38, 39) , it is possible that the intrinsic alterations in the relaxation of middle cerebral arteries from Dahl S rats on a low-salt diet are the result of the chronic low levels of ANG II in this strain of rats. This hypothesis is further supported by the finding that SS-13 BN and BN rats on a high-salt diet (which suppresses ANG II levels in response to elevated dietary salt intake) exhibit impaired vascular relaxation in response to ACh and hypoxia, as previously described for Sprague-Dawley rats (29, 38, 39) . In Sprague-Dawley rats, the impaired response to ACh, hypoxia, and other vasodilator stimuli is the result of suppression of ANG II, since chronic intravenous infusion of a low dose of ANG II for 3 days restores normal vascular relaxation in response to these stimuli, despite the continued maintenance of the animals on the high-salt diet (38, 39) . Because acute addition of ANG II to the tissue bath does not restore impaired ACh-induced dilation in vessels from rats on a high-salt diet (39), it is possible that the continuous presence of circulating ANG II may be important in the expression of different genes and proteins that play a role in the mechanisms of normal vascular relaxation. The finding that losartan treatment eliminates the restored dilation in response to ACh and hypoxia in SS-13 BN rats further supports the hypothesis that normal function of the RAS is an important factor in maintaining vascular relaxation mechanisms.
In Sprague-Dawley rats, ACh-induced dilation is the result of an endothelium-dependent release of NO (10), and hypoxic dilation of middle cerebral arteries and skeletal muscle resistance arteries is the result of an increased release of prostacyclin from the endothelium (11, 12, 28) . One important question that arises from our observations pertains to the possible mechanisms of the astonishing impairment of the responses to vasodilator stimuli in Dahl S rats on a low-salt diet. One may speculate that there is an imbalance between vasoconstrictor and vasodilator mediators that are released in response to ACh and hypoxia in arteries of Dahl S rats. Possible support for this speculation may be found in previous studies of SpragueDawley rats showing that a high-salt diet leads to an enhanced release of the vasoconstrictor mediator thromboxane A 2 during exposure to ACh and hypoxia (29) . With this in mind, it is possible that chronically low ANG II levels in Dahl S rats on a low-salt diet are associated with the lack of an essential stimulus required to maintain normal function of vascular relaxation mechanisms that are important in mediating increases in blood flow in response to vasodilator stimuli.
Increased oxidative stress is a well-recognized component of many cardiovascular pathological conditions, including hypertension, and hypertensive Dahl S rats on a high-salt diet have increased levels of oxidative stress (36) . Increased oxidative stress can inhibit PGI 2 synthase (5), leading to a switch from the production of vasodilator mediators to vasoconstrictor mediators. An increase in oxidative stress (together with the effect of elevated blood pressure) could account for endothelial dysfunction (8) and for the detrimental effect that infusion of higher doses of ANG II have on the adaptation of the cerebral circulation to functional demands of neuronal tissue (21, 24) . However, in contrast to findings that increased activity of the RAS induces hypertension and oxidative stress (17) , recently it has been reported that ANG II increases the expression and stability of mRNA for extracellular superoxide dismutase (SOD) in mouse and human aortic vascular smooth muscle cells (16) . The results of those studies, in conjunction with the present findings that vascular relaxation in response to ACh and hypoxia are restored in consomic SS-13 BN rats on a low-salt diet, provide further support for the hypothesis that normalization of circulating ANG II has an important role in maintaining vascular relaxation mechanisms that are absent in Dahl S rats on a low-salt diet.
Studies on bovine vascular endothelial cells and rat aortic endothelial cells have demonstrated that ANG II can increase the expression and activity of endothelial nitric oxide synthase, leading to increased production of NO (4, 32, 34) . ANG II also increases the expression of cyclooxygenase-2 in human vascular endothelial cells (20) , rat ventricular cardiomyocytes (33) , and rat vascular smooth muscle cells (31) , stimulating production of the vasodilator prostaglandins PGI 2 and PGE 2 (2, 33) . In respect to these findings, one potential mechanism by which maintenance of normal ANG II levels preserves vascular function would be by maintenance of normal levels of antioxidant enzymes and by preserving the function of other proteins and enzymes involved in vascular relaxation.
In summary, the present study demonstrates for the first time that middle cerebral arteries of Dahl S rats exhibit a striking impairment of vascular relaxation in response to ACh and reduced PO 2 , even when the animals are on a low-salt diet. This lack of vasodilation in response to ACh and hypoxia in arteries of Dahl S rats is in contrast to the responses of middle cerebral arteries from BN rats, which exhibit normal relaxation in response to these vasodilator stimuli. Substitution of chromosome 13 containing a normally functioning renin gene from the BN rat into the Dahl S genetic background restores vascular relaxation in response to ACh and hypoxia in the consomic rats. In contrast to SS-13 BN rats that exhibit restored ACh and hypoxia-induced dilation, introgression of chromosome 16 from the BN rat into the Dahl S genetic background (consomic SS-16 BN rats) does not restore the impaired vascular relaxation in response to ACh and hypoxia when the animals are on a low-salt diet. As predicted, a high-salt diet, leading to ANG II suppression, eliminates the vasodilator response to ACh and hypoxia in BN and SS-13 BN rats, and blockade of the angiotensin AT 1 receptor with losartan eliminates vascular relaxation in response to hypoxia and ACh in SS-13 BN rats on a low-salt diet, providing further support for the crucial role of ANG II in restoring vascular relaxation in the SS-13 BN consomic rats.
Taken together, our results suggest that the impaired relaxation in response to ACh and hypoxia of arteries from Dahl S rats on a low-salt diet is the result of an impaired function of the RAS and the resulting exposure of the vessels to chronically low levels of ANG II in these animals. These intrinsic alterations of vascular relaxation mechanisms in Dahl S rats (independent of elevated salt intake) could exacerbate the elevation of vascular resistance and the pathophysiological sequelae that develop when the rats become hypertensive in response to an elevated salt intake.
Consomic SS-13 BN rats are 98% identical to Dahl S rats, but these consomic strains differ by the subset of genes (including the renin gene) present on chromosome 13 that they carry from the parental BN strain. The altered phenotypes of vascular relaxation in Dahl S rats relative to normotensive BN rats and the restoration of normal vasodilator responses in SS-13 BN consomic rats suggest that genetic analysis of changes in vascular phenotypes in consomic or congenic strains of rats having the normotensive renin gene on the Dahl S background could provide valuable information about the mechanisms of salt-sensitive hypertension and the role of the RAS in regulating normal vascular function.
